Rationale: The release of eosinophil granule proteins in the lungs of patients with asthma has been dogmatically linked with lung remodeling and airway hyperresponsiveness. However, the demonstrated inability of established mouse models to display the eosinophil degranulation occurring in human subjects has prevented a definitive in vivo test of this hypothesis.
Methods: A transgenic mouse model of chronic T-helper cell type 2-driven inflammation overexpressing IL-5 from T cells and human eotaxin 2 in the lung (I5/hE2) was used to test the hypothesis that chronic histopathologies and the development of airway hyperresponsiveness occur as a consequence of extensive eosinophil degranulation in the lung parenchyma.
Measurement and Main Results: Studies targeting specific inflammatory pathways in I5/hE2 mice surprisingly showed that eosinophil-dependent immunoregulative events and not the release of individual secondary granule proteins are the central contributors to T-helper cell type 2-induced pulmonary remodeling and lung dysfunction. Specifically, our studies highlighted a significant role for eosinophil-dependent IL-13 expression. In contrast, extensive degranulation leading to the release of major basic protein-1 or eosinophil peroxidase was not causatively linked to many of the induced pulmonary histopathologies. However, these studies did define a previously unappreciated link between the release of eosinophil peroxidase (but not major basic protein-1) and observed levels of induced airway mucin.
Conclusions: These data suggest that improvements observed in patients with asthma responding to therapeutic strategies ablating eosinophils may occur as a consequence of targeting immunoregulatory mechanisms and not by simply eliminating the destructive activities of these purportedly end-stage effector cells.
Keywords: eosinophil peroxidase; major basic protein; asthma; lung; chronic inflammation Recent studies of patients have highlighted the diversity of immune/inflammatory phenotypes and patient responses to disease management approaches (reviewed in References 1 and 2). The long-held view of asthma as a quintessential chronic allergic disease (3, 4) accompanied by eosinophil-mediated airway inflammation linked with increased levels of T-helper cell type 2 (Th2)-derived cytokines is being reinterpreted in light of the realization that the underlying immune responses in these patients are much more diverse (reviewed in References 2, [5] [6] [7] [8] . Moreover, eosinophil targeting therapies have been efficacious only in a narrow subgroup of eosinophilic asthma patients with lower use of steroids and decreased exacerbation events as the most significant end point measures (9) (10) (11) (12) . Collectively, these studies suggested that instead of direct links with asthma symptoms, eosinophils seem to be one of several immunomodulatory leukocytes (e.g., natural killer cells [13] , CD4 1 T cells [14] , and ILC2s [15] ; reviewed in Reference 16) participating in allergic respiratory inflammation. Concurrent basic research studies investigating eosinophil activities in the lungs of mouse models following allergen provocation are providing support for this hypothesis and have led us and others to suggest that pulmonary eosinophils directly modulate allergic immune responses (17) (18) (19) (20) (21) (22) (23) and contribute to the remodeling/repair processes linked with the resolution of inflammation (see References 24 and 25) . These studies thus suggest that eosinophil activities likely contribute to allergic pulmonary inflammation at many levels beyond their proposed role as mediators of tissue damage and cell death through the release of eosinophil secondary granule proteins (26) .
The rationale for the use of biologic therapies targeting eosinophils (e.g., antibodies targeting IL-5 [9] [10] [11] [12] or IL-5R [27] ) to treat allergic asthma is based, in part, on the suppression of the proposed destructive capacities of eosinophils mediated predominantly by degranulation. A hallmark feature of chronic allergic severe asthma is the extensive deposition and extracellular accumulation of eosinophil secondary granule proteins in lung tissue and airways (28; reviewed in References 26, 29, 30) . Moreover, the release of major basic protein-1 (MBP-1), eosinophil peroxidase (EPX), eosinophilderived neurotoxin (EDN), and eosinophil cationic protein (ECP) have been suggested to mediate cell killing and tissuedamaging events occurring in the lung as part of the late phase response to allergen provocation (31; reviewed in Reference 32). This prospective is supported by a myriad of studies demonstrating that the introduction of purified granule proteins into the lungs of various animal models induced airway hyperresponsiveness (AHR) (33) (34) (35) . Moreover, granule proteins were shown to mediate epithelial desquamation and cell killing in explant cultures (36) , cytocidal activities using in vitro cell culture assays (37) , and, on instillation in the lungs, induced deposition of extracellular matrix proteins (24) .
Unfortunately, a definitive demonstration of this prospective has been out of reach using in vivo mouse models of allergen sensitization and aeroallergen challenge. That is, although these established models of allergen provocation replicate many of the immune responses and induced cellular infiltrates commonly observed in human subjects with asthma (reviewed in References 38 and 39), these models fail to induce the extensive eosinophil degranulation and release of individual granule proteins commonly occurring in patients (40, 41 ; reviewed in Reference 32). This lack of degranulation in allergen-challenged mice has uniquely denied the proof-of-concept studies necessary to link tissue destruction/remodeling events and lung dysfunction in response to allergic respiratory inflammation.
The capacity of eosinophils to more faithfully replicate the pulmonary pathologies occurring in response to chronic inflammation was demonstrated in a double transgenic model of severe asthma (I5/hE2 [41] ) that constitutively expressed IL-5 from all mature peripheral T cells using an engineered CD3d promoter and human eotaxin 2 from central airway epithelia cells using a CC10 promoter. This chronic model of Th2-driven inflammation displays age-dependent pulmonary histopathologies, induced remodeling events, and lung dysfunction. More importantly, these changes in the lung occur in the context of a significant airway eosinophilia uniquely accompanied by extensive eosinophil degranulation (41) . Our objectives here were to use specific crosses with gene knockout mice and define the relative importance of immune regulatory activities mediated by eosinophils that polarize and/or amplify Th2 responses (17, 18, 20, 42) versus destructive pathology-causing mechanisms mediated by the release of eosinophil granule proteins (reviewed in Reference 32) .
These studies surprisingly showed that the induced pulmonary pathologies occurring in this chronic model were unique responses to eosinophil-dependent IL-13 expression. Interestingly, these induced pathologies were also independent of CD4 1 T-cell-mediated events, suggesting that pulmonary eosinophils, and not CD4 1 T cells, are likely the dominant cellular source of IL-13 that, among other events, elicits cysteine leukotriene and transforming growth factor (TGF)-b-dependent pathways that accompany the fibrosis occurring in this chronic respiratory model (43 
Flow Cytometric Analyses
Single-cell suspensions of lung and lungdraining lymph nodes were generated as described previously (20, 42) . Antibodies used to characterize T-cell populations include TCRb (H57-597; BD Biosciences, San Jose, CA), CD4 (RM4-5; eBiosciences, San Diego, CA), CD44 (IM27; eBiosciences), IL-13 (eBio13A; eBiosciences), and CD62L (MEL-14; eBiosciences). Data acquisition and analysis were performed using Summit version 4.3 (Dako, Carpinteria, CA) software.
Collection and Cell Differentials of Bronchoalveolar Lavage Fluid-derived Leukocytes
The tracheas of individual mice were exposed and cannulated before bronchoalveolar lavage (BAL) of the lungs with 1 ml of 2% fetal calf serum in phosphate-buffered saline to obtain cell numbers and cell differentials as previously described (41) . Cell differentials of each sample were performed on greater than or equal to 300 cells after staining cytospin preparations (Diff-Quik; Cardinal Health, Dublin, OH).
Cytokine Assays
Mouse IL-4, IL-13, IFN-g, IL-17A, and TGF-b were assessed using immunoassay kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. The limits of detection for each ELISA assay were 5-10 pg/ml.
Histology and Immunohistochemical Detection of Eosinophils and Individual Granule Proteins
Histopathologic changes of the airways were assessed as described previously (41) . In brief, formalin-fixed and paraffinembedded sections of mouse lungs were stained with hematoxylin and eosin for general pathologic assessments, periodic acid-Schiff staining to detect goblet cell metaplasia/epithelia cell mucin accumulation (GM/MA), or Masson's trichrome for assessments of collagen deposition (i.e., fibrosis). All evaluations were performed using multiple parasagittal sections of the lung, oriented via structural "land markers" to ensure that identical regions of the lungs from each mouse were examined. Lung tissue eosinophilia and degranulation were determined as described in our earlier publications using both immunohistochemistry with a rat monoclonal antibody specific for MBP-1 (47) or a mouse monoclonal antibody specific for EPX (48) .
ELISA-based Detection of Eosinophil Degranulation Occurring in the Airways
The levels of cell-free EPX in BAL fluid from mice were determined using a sandwich ELISA that was specific for EPX (49) .
Assessments of GM/MA and Induced Pulmonary Fibrosis
GM/MA levels in the lungs of mice were determined using periodic acidSchiff-stained formalin-fixed parasagittal sections (4 mm) analyzed by bright-field microscopy as described previously (21) . Collagen deposition was determined by evaluation of Masson's trichrome-stained parasagittal lung sections and in some cohorts of mice by analysis of picrosirius red-stained lung sections evaluated under polarized light (43) .
Assessment of Methacholine DoseDependent Changes in Airway Resistance
AHR was determined as described previously (21, 41) with airway resistance presented as the percentage change from baseline measured following challenge with saline.
Statistical Analyses
All data are derived from cohort sizes of 5-14 mice depending of the assay performed (specific cohort sizes for individual studies are noted in the figure legends presenting these data).
Comparative data between groups were analyzed by unpaired two-tailed Student's t test using GraphPad Prism 5 (La Jolla, CA). Data are presented as mean 6 SEM. Values of P less than 0.05 were considered statistically significant.
Results
Eosinophil-Dependent Pathologies Occurring in I5/hE2 Mice Are Accompanied by Significant Increases in CD4
1 T Cells and Th2 Cytokines/Chemokines
The extent by which pulmonary eosinophils modulate immune/inflammatory responses in the lungs of I5/hE2 mice was determined through a direct comparison of the parental double transgenic model I5/hE2 (41) with an eosinophil-less version of these animals (i.e., I5/hE2/PHIL). As shown in Figure 1A , whereas I5/hE2 mice develop eosinophildependent increases in airway smooth muscle, GM/MA, and collagen deposition/remodeling of the extracellular compartments of the lung, all these increases were abolished in I5/hE2/PHIL mice.
These eosinophil-dependent pulmonary changes led to concomitant airway increases in Th2 cytokines IL-4 and IL-13 ( Figure 1B) ; IFN-g and IL-17A levels were undetectable (data not shown). The Th2 polarized character of I5/hE2 lungs was also associated with an eosinophildependent increase in airway Th2 chemokine (TARC/CCL17) levels ( Figure 1B ) without similar increases in typical Th1 chemokines, such as IP-10 (see Figure E1A in the online supplement). This cytokine/chemokine expression was accompanied by an increase in CD4 
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Hematoxylin and Eosin (H&E) Figure 1 . Eosinophils and their associated effector functions are necessary for the induced histopathologies, remodeling, and the T-helper cell type 2 polarized immune microenvironment of the lungs of I5/hE2 mice. (A) Parasagittal lung sections from eosinophil-sufficient double transgenic I5/hE2 mice and eosinophil-deficient triple transgenic animals (i.e., I5/hE2/PHIL) were stained via multiple venues to determine the eosinophil dependency of the induced lung pathologies occurring in this chronic model: hematoxylin and eosin staining demonstrated a decrease in leukocyte tissue infiltration, tissue edema, and airway epithelial hypertrophy occurring in the absence of eosinophils (i.e., I5/hE2/PHIL vs. the parental I5/hE2 model); periodic acid-Schiff staining assessments of goblet cell metaplasia/epithelial cell mucin accumulation (dark-purple-staining cells) showed that the induced eosinophilia in I5/hE2 mice was required for any evidence of this pathology/remodeling event; and Masson's trichrome staining demonstrated that eosinophils were also required for the enhanced collagen deposition that occurred around central airways of the parental I5/hE2 model (blue-staining extracellular matrix regions). Scale bar = 100 mm. (B) ELISA assessments of airway cytokines/chemokines revealed the characteristic eosinophil-dependent T-helper cell type 2 polarization of the pulmonary immune microenvironment of I5/hE2 mice. Specifically, the cytokines IL-4 and IL-13 and chemokine TARC were significantly elevated in I5/hE2 mice as compared with I5/hE2/PHIL animals. IFN-g and IL-17A, and IP-10 were undetectable in both strains of mice. Error bars represent SEM. *P , 0.05. (C) Fluorescence-activated cell sorter assessments of single cell suspensions of lung leukocytes revealed the eosinophil-dependent accumulation of CD4 1 TCR-b 1 T cells occurring in I5/hE2 that was effectively abolished in eosinophil-deficient triple transgenic mice (i.e., I5/hE2/PHIL). Error bars represent SEM; *P , 0.05. All studies were performed using cohort sizes (n) of three to five mice. BAL = bronchoalveolar lavage; TARC = thymus-and activation-regulated chemokine.
Interestingly, the lung-draining lymph nodes of I5/hE2 also display differential accumulations of naive and memory T-cell subtypes that again were abolished in I5/hE2/PHIL mice ( Figure  E1C ), suggesting that eosinophils, in part, promote T-cell proliferation by expanding these lymphatic lymphocyte populations. The elevated IL-13 expression levels and the accumulation of CD4
Loss of IL-13 Resulted in a Significant
1 effector T cells in the lungs of I5/hE2 mice were each targeted using compound transgenic/gene knockout mice to determine their relative contributions to the induced pathologies in this model. As expected, the targeted loss of either IL-13 (i.e., I5/hE2/IL-13
) had no effect on ectopic accumulation of pulmonary eosinophils resulting from concurrent constitutive expression of IL-5 and eotaxin-2 in these mice (see Figure E2A ). The assessments of lung cellularity also showed that the loss of IL-13 from I5/hE2 mice had no significant effects on the accumulation of CD4 1 T cells in the airway or lung-draining lymph nodes (see Figure E2B) . However, the loss of IL-13 in the I5/hE2 model resulted in an almost total loss of GM/MA (Figures 2A  and 2B ). In contrast, although targeting CD4 1 T cells alone in these mice reduced GM/MA, this decrease was only 50% of the levels observed in parental I5/hE2 mice (Figures 2A and 2B) , suggesting the importance of other non-T-cell sources of IL-13. In agreement with this conclusion, I5/hE2/CD4 2/2 mice displayed levels of IL-4 ( Figure 2C ) and IL-13 ( Figure 2D ) in the airways that were only nominally lower than the levels observed in the parental I5/hE2 model. In addition, intracellular staining of pulmonary eosinophils accumulating in the airways of I5/hE2/CD4 2/2 mice demonstrated that eosinophils are a potentially important source of these elevated airway IL-13 levels ( Figure 2E ).
These studies also highlight the differential downstream consequences of these induced IL-13 levels on remodeling events, such as increased airway collagen deposition. The loss of ). The data also demonstrated that the decrease in fibrosis occurred with a concurrent reduction in BAL TGF-b1 levels in the airways of these mice ( Figure E3 ), confirming an earlier study suggesting that the eosinophil-dependent pulmonary pathologies and remodeling events occurring in I5/hE2 mice are a response to one or more IL-13-induced downstream events (43) .
Invasive ventilator-based measures of lung function (Figure 3 ) demonstrated that the significant AHR in response to methacholine challenge displayed by I5/hE2 mice did not occur in the absence of IL-13 (i.e., I5/hE2/IL-13 2/2 mice). This effect was not seen in mice targeting CD4 1 T cells alone (i.e., I5/hE2/CD4 2/2 mice) suggesting that this airways dysfunction occurs by an eosinophil-dependent mechanism linked to induced IL-13 expression and not necessarily the presence of CD4 1 T cells.
Targeting of IL-13 or CD4 1 T Cells Had No Effects on the Extensive Eosinophil Degranulation Occurring in I5/hE2 Mice Eosinophil degranulation in the interstitial regions of the lung and the airways of I5/hE2 mice was previously described in detail in our earlier studies (41, 43) . These studies had showed evidence of granule protein released predominantly by eosinophils undergoing cytolysis but also evidence of piecemeal release of granule proteins by otherwise intact eosinophils. These studies also used multiple venues to assess degranulation including electron microscopy, immunohistochemistry, and single-dimension immunoblot assays. The extensive degranulation displayed by IL-13 deficient I5/hE2 mice and transgenic animals devoid of CD4 1 T cells were ). Hematoxylin and eosin staining demonstrated that neither the loss of IL-13 or CD4 1 T cells had effects on the induced pulmonary leukocyte infiltrate. Masson's trichrome staining demonstrated that the loss of IL-13 (i.e., I5/hE2/IL-13 2/2 ) resulted in a reduction of lung structural changes, such as fibrosis (blue-staining extracellular matrix regions) that was not observed in CD4
1 T-cell-deficient mice (i.e., I5/hE2/CD4
2/2
). Periodic acid-Schiff staining of sections demonstrated that although the loss of CD4 1 T cells fractionally reduced goblet cell metaplasia/epithelial cell mucin accumulation (GM/MA), the absence of IL-13 in I5/hE2 mice nearly abolished this remodeling metric (dark-purple-staining cells). Scale bar = 100 mm. (B) Quantitative group mean assessments of GM/MA were determined as described in the METHODS and showed that although GM/MA significantly decreased in the absence of CD4 1 T cells (i.e., I5/hE2/CD4 2/2 ), it was not abolished, unlike the virtual loss of this histopathology metric in IL-13-deficient mice (i.e., I5/hE2/IL-13 2/2 ). Cohort sizes: I5/hE2 (n = 7); I5/hE2/CD4 2/2 (n = 12); I5/hE2/IL-13
(n = 7). Error bars represent SEM; *P , 0.05. Bronchoalveolar lavage (BAL) levels of T-helper cell type 2 cytokines IL-4 (C) and IL-13 (D) were determined by ELISA, demonstrating a significant reduction in IL-4 and a complete loss of IL-13 in I5/hE2/IL-13 2/2 mice, whereas the targeting of CD4 1 T cells (i.e., I5/hE2/CD4 mice is dependent on IL-13 expression and not the presence/absence of CD4 1 T cells. Aerosolized methacholine-induced airway resistance was assessed using an invasive ventilator-based technique (flexi-Vent; SCIREQ). I5/hE2 mice displayed an increase in airway resistance (relative to wild-type C57BL/6J mice) as a function of exposure to increasing concentrations of aerosolized methacholine. In contrast, the absence of IL-13 expression (i.e., I5/hE2/IL-13
) resulted in a significant reduction in methacholine responses, which became comparable wild-type C57BL/6J mice. A deficiency in CD4 1 T cells (i.e., I5/hE2/CD4 2/2 ) resulted only in a small decrease in airway resistance compared with the parental I5/hE2 model at the highest dose of methacholine exposure, but this reduction did not achieve statistical significance. Baseline airway resistance (cm H 2 O$s/ml) of each experimental cohort (mean 6 SEM): C57BL/6J wild-type, 0.95 6 0.05; I5/hE2, 0.95 6 0.04; I5/hE2/IL-13 2/2 , 0.94 6 0.07; and I5/hE2/CD4 2/2 , 0.82 6 0.05. Cohort sizes: C57BL/6J, n = 11; I5/hE2, n = 12; I5/hE2/CD4 2/2 , n = 7; I5/hE2/IL-13
, n = 7. Error bars represent SEM. *P , 0.05; n.s. = not significant.
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assessed here by two independent methods: immunohistochemistry of tissue sections using an antimouse MBP-1 monoclonal antibody (21) , and a novel ELISA assessment of BAL fluid using an EPXspecific assay (49) . In both strains of compound transgenic/gene knockout mice, MBP-based immunohistochemistry detected the presence of MBP-1 within otherwise intact infiltrating eosinophils and released cell-free MBP-1 bound to extracellular matrix within the lung parenchyma to an extent equal to what was observed in parental I5/hE2 mice ( Figures 4A and E4) . A more quantitative assessment of the degranulation occurring in the airways using a EPX-based ELISA confirmed these immunohistochemistry tissue assessments showing that the observed levels of EPX in BAL fluid from I5/hE2/IL-13 2/2 and I5/hE2/CD4 2/2 mice were equivalent to the released EPX levels observed in the lungs of parental I5/hE2 control mice, suggesting that degranulation occurs independent of IL-13 or activities mediated by CD4
1 T cells ( Figure 4B ). , respectively). Immunohistochemical staining using our granule protein-specific monoclonal antibodies showed that the loss of EPX or MBP-1 had no effects on the induced eosinophil degranulation and deposition of the remaining abundant granule protein ( Figure 5 ). In either setting, the release of the remaining granule protein also occurred at a level equivalent to that observed in the parental I5/hE2 model with both granule proteins present. In addition, the loss of either abundant granule protein did not alter the increased accumulation of BAL leukocytes (dominated by eosinophils) that occurs in the parental I5/hE2 model ( Figure E5 ). This lack of an affect also extended to the induced Th2 polarization in these compound transgenic/gene knockout mice, which displayed no reductions in the typical Th2 cytokine profile displayed by parental I5/hE2 model (IL-13: 175. 5 Figure 6 ). Periodic acid-Schiff-stained lung sections demonstrated that a reproducible change in GM/MA was evident in the absence of EPX ( Figure 6 ). Specifically, the loss of EPX in I5/hE2/EPX 2/2 mice resulted in a greater than 50% decrease in the GM/MA that occurred in the parental I5/hE2 model (see Figure E5 ). This phenomenon was EPX-specific and did not occur in I5/hE2/MBP-1 2/2 mice (Figures 6 and E6 ).
Presence of EPX or MBP-1 Does Not Significantly Contribute to the Induced AHR Occurring in I5/hE2 Mice
Invasive measurements of lung function were performed to define any potential contribution that eosinophil degranulation has on the methacholine-induced AHR occurring in I5/hE2 mice. Surprisingly, despite the extensive degranulation occurring in I5/hE2 mice, lung function assessments demonstrated that the loss of either EPX (i.e., I5/hE2/EPX 2/2 ) or MBP-1 (i.e., I5/hE2/MBP-1 2/2 ) did not significantly attenuate AHR relative to the parental I5/hE2 model ( Figure 7) . Thus, unlike the effects the expression of IL-13 had on the induced AHR of this chronic model, the individual release of either EPX or MBP-1 had only a limited effect on AHR, suggesting that neither protein alone was a "driver" of this phenomenon.
Discussion
Clearly the most commonly suggested activity linking pulmonary pathologies with infiltrating lung eosinophils in chronic allergic asthma has been the activation/degranulation of these granulocytes, leading to the release of the cationic secondary granule proteins (reviewed in Reference 26), the most abundant of which are MBP-1 and EPX. This link found support in detailed descriptive studies of patients that correlated tissue damage, cell death, and pathophysiologic changes in lung function with the appearance of degranulating airway eosinophils (see for example Reference 50). Moreover, ex plant/in vitro studies demonstrating that these proteins were capable of promoting cell death and tissue destruction provided potential mechanisms leading to lung pathologies (36, 37) . Thus, together with potential cell agonist activities on lung structural cells (24) and other inflammatory leukocytes (51), the release of these secondary granule proteins have become indirect targets of therapeutic strategies targeting eosinophils. Indeed, the recent favorable reviews, and in some cases approval by the Food and Drug Administration, of antibodymediated (i.e., biologic) approaches directed against the eosinophil-agonist cytokine IL-5 (i.e., mepolizumab [11, 12] , reslizumab [9] , and the IL-5 receptor benralizumab [10] ) have been, in part, based on targeting these eosinophil-mediated activities (reviewed in Reference 52) .
In spite of the commonly held perspective proposing that eosinophil secondary granule proteins are significant contributors to histopathologies and lung dysfunction, the definition of the cellular and molecular events surrounding degranulation has been severely limited by the inability of established mouse models of aeroallergen challenge to display the extensive eosinophil degranulation found in human subjects with asthma (38, 40, 53) . This lack of concordance has typically been explained as either a limitation of mouse models (reviewed in Reference 54), shortcomings linked with available allergens administered to mice (55) , and/or the allergen challenge protocols themselves (56, 57) . The data presented here provocatively showed that the loss of either MBP-1 or EPX had only nominal (if any) effects on many of the agedependent pulmonary pathologies occurring in I5/hE2 mice, including the breakdown of alveolar septa and pulmonary fibrosis. Given the extensive literature (see for example References 29 and 30), it was equally surprising that the loss of each of these proteins did not have a significant effect on the AHR associated with this model. These data suggest that eosinophil degranulation and the release of either MBP-1 or EPX is not a driving causative event leading to many of the pulmonary pathologies in chronic settings. However, it is also noteworthy that these data do not rule out additive or synergistic events that the concurrent loss of both proteins may have on these pathologies following their release from activated eosinophils. Unfortunately, mice with targeted mutations of both granule protein genes display an inherent defect in eosinophilopoiesis that abrogates the production of mature peripheral eosinophils (58) . As a result, although it is possible to generate I5/hE2/MBP-1 has nominal but differential effects on the induced histopathologies/remodeling occurring in I5/hE2 mice. Parasagittal lung sections of transgenic/compound granule protein gene knockout mice were stained to evaluate the dependency of the pulmonary histopathologies occurring in the parental I5/hE2 model on EPX (i.e., I5/hE2/EPX 2/2 ) and MBP-1 (i.e., I5/hE2/MBP-1 2/2 ). Hematoxylin and eosin and Masson's trichrome staining demonstrated that the loss of either granule protein had little to no effect on the leukocyte tissue infiltration or the induced lung structural changes (including pulmonary fibrosis [blue-staining extracellular matrix regions in Masson's trichrome-stained lung sections]) occurring in the parental I5/hE2 model. In contrast, periodic acid-Schiff staining of lung sections for goblet cell metaplasia/epithelial cell mucin accumulation (dark-purple-staining cells) demonstrated a differential effect regarding the loss of these granule proteins with the loss of EPX and not MBP-1, resulting in a greater than 50% reduction in goblet cell metaplasia/epithelial cell mucin accumulation relative to the levels observed in I5/hE2 mice. Scale bar = 100 mm. The cohort size of each group (i.e., I5/hE2, I5/hE2/EPX 2/2 , and I5/hE2/MBP-1 2/2 ) was n = 3-5 mice.
GM/MA with the loss of EPX versus MBP-1 from I5/hE2 mice. The data demonstrated that although levels of IL-13 in the airways of these compound transgenic/knockout mice are equivalent, the loss of EPX, but not MBP-1, attenuated GM/MA by 50% relative to the parental I5/hE2 model. This observation is significant because it offers a translational insight as to the role of eosinophils in the development of GM/MA that could not have been obtained using established allergen challenge models. That is, because established allergen challenge mouse models fail to display eosinophil degranulation, allergeninduced GM/MA in these models is exclusively an IL-13-mediated event that was independent of EPX activities (59) (60) (61) . This also provides a likely explanation as to why the loss of EPX in knockout mice had no effect on the development of allergen-induced GM/MA using these same established allergen models (45) . However, the extensive degranulation in I5/hE2 mice leading to the release of EPX overcomes this limitation and in doing so demonstrated that the release of EPX is actually a modifier of IL-13-mediated events that enhances GM/MA. Our recent mechanistic studies demonstrating that the peroxidase activities of EPX mediate carbamylation of lung proteins provide a mechanistic explanation of this effect (62) . Specifically, these carbamylated proteins were shown to have direct agonist activities on airway epithelia leading to goblet cell metaplasia and increased mucin gene expression. This observation highlights a potential link between EPX activities and IL-13-mediated events and suggests that the release of EPX by pulmonary eosinophils is likely to be part of a positive feedback loop that augments the GM/MA levels in the lung promoted by local IL-13 expression. In addition, this observed effect linking eosinophil degranulation and GM/MA was granule protein-specific, confirming previously formulated hypotheses suggesting the potential of differential activities mediated by each of the released secondary granule proteins (see for example Reference 63) .
In summary, the transgenic expression of IL-5 and eotaxin-2 in I5/hE2 mice affords ectopic pressures that both maintain a robust constitutive airway eosinophilia and surprisingly high levels of airway IL-13. The data also show that similar to established models of allergen provocation (59) (60) (61) , this pulmonary IL-13 was critical to the GM/MA and the AHR that develops in the I5/hE2 model. Moreover, the IL-13 expression in I5/hE2 mice was also absolutely dependent on the induced eosinophilia in I5/hE2 mice irrespective of resident CD4
1 T-cell levels. Indeed, the targeted loss of eosinophils, but not CD4 1 T cells, significantly reduced GM/MA and the induced AHR occurring in these mice. Recognizing that these are mouse model studies whose translation to human subjects may be problematic, the observations reported here provide an alternative hypothesis to the commonly accepted perspective that eosinophils are exclusively destructive end-stage effector cells whose toxic pathology-driving activities directly account for induced pathologies and/or symptoms. That is, if eosinophils essentially act as destructive end-stage effector cells, then anti-IL-5 therapies would have been expected to have direct significant impacts on a variety of functional endpoints. Moreover, these therapies would also have been likely to be efficacious in a broad collection of patients and directly correlated with eosinophil numbers in airways.
In contrast, our conclusion that eosinophils contribute to inflammatory , n = 10. Error bars represent SEM. *P , 0.05; n.s. = not significant. events in the lung primarily through immunoregulative events provides an explanation for the current outcomes of IL-5 therapies in subsets of patients. Specifically, eosinophils may become prominent (even perhaps dominant) immune modulatory agents in the lungs in only a subset of patients, accounting for the narrow efficacy window. If they are primarily contributing to lung pathologies through immunoregulative activities, then targeting airway eosinophils in these patients would reduce the inflammatory milieu, lowering the frequency that secondary extrinsic events would lead to a disequilibrium resulting in hospitalization (i.e., exacerbation events). Thus, if our mouse model studies translate to human patients the implications are significant because they would suggest that the targeting of eosinophil immune regulatory pathways is likely to be a more successful approach in the management of many patients with allergic asthma. n Author disclosures are available with the text of this article at www.atsjournals.org.
